Ultrasonic velocity anisotropy in the rock provides information of variability of the dynamic elastic moduli. Young's modulus and Poisson's ratio calculated from waves velocities can be used to determine brittleness index, which is usually used to predict rock susceptibility for hydraulic fracturing. This paper describes laboratory ultrasonic measurements carried out in order to improve hydraulic fracturing designing. The research was conducted over two types of rock: shale and limestone. The samples were cut out perpendicularly and parallel to the bedding planes. Next they were tested for effective porosity and mineral composition using XRD method. Directionally depended seismic velocities revealed noticeable anisotropy of laminated shale, caused by orientation of the bedding planes and weak anisotropy of limestone. Based on the velocities, dynamic elastic moduli and its anisotropy coefficients were determined. Calculations of brittleness index based on Young's modulus to Poisson's ratio relation and three types of mineral composition brittleness indexes, revealed strong variability in brittleness for both kind of tested formations. These results show, that different types of brittleness indexes should be used complementary, to better describe fracability of the rock.
λρ-µρ crossplots studies (e.g. Goodway et al., 2010; Perez and Marfurt, 2010) and other.
However, one of the currently most popular brittleness definition is based on relationship between elastic moduli: Young's modulus (E) and Poisson's ratio (ν) (Grieser and Bray, 2007; Rickman et al., 2008; Sun et al., 2013; Luan et al., 2014) . Rickman et al. (2008) describe, that these components are combined to reflect the rocks ability to fail under stress (Poisson's ratio) and maintain the fracture (Young's Modulus). Ductile shale is not a good reservoir, because the formation will want to heal any natural or hydraulic fractures. But on the other hand, such shales form a good traps preventing from hydrocarbon migration. Brittle shales contain more pre-existing natural fractures, therefore they have the ability to create expanded network of the fractures during stimulation operations. In addition, energy needed to create new fracture in brittle shales is much lower than in ductile shales (Wanniarachchi et al., 2015) .
In the case of brittle shales, the conductivity of the fracture is higher so that more hydrocarbons can get through the fractures to the wellbore. In very ductile rocks may arise embedment phenomena, which is pressing of proppant grains into the surface of fracture (Alramahi and Sundberg, 2012) .
INTRODUCTION
Hydraulic fracturing is presently a very common technique of well stimulation. It is based on injection of a high pressurized treatment fluid with proppant into a reservoir. High pressure of liquid causes rock breakdown, propagation of inducted fractures, when grains of proppant prevent from close fractures after treatment. Fracture propagation is related, among other things, to the geomechanical properties of the rock. Variability of the dynamic elastic moduli of the rock depends on many factors, such as lithology, mineral composition, porosity, confining and pore pressures (Bourbie et al., 1987; Winkler and Murphy, 1995; Moska, 2017) . Rock anisotropy (variation of elastic properties with direction) is an important factor as well. Changes in ultrasonic velocity caused by anisotropy were described by many researchers (e.g. Sarker and Batzle, 2010; Sone and Zoback, 2013; Inks et al., 2015) .
In the past, many concepts of rock brittleness definition have been created. They are based on different approaches such as analysis of stress or strain (e.g. Andreev, 1995; Holt et al., 2011) , energy balance (e.g. Tarasov and Potvin, 2013) , unconfined compressive strength and Brazilian tests (e.g. Gong and Zhao, 2007) , mineral composition (e.g. Jarvie et al., 2007; Wang and Gale, 2009) 
MATERIALS AND METHODS
Authors assumed that samples for ultrasonic measurement should be fine-grained, have high content of quartz and clay minerals and relatively low porosity. Therefore it was decided to choose two types of shale rock from North American gas fields: Mancos shale and Marcellus shale. Collected samples originate from the quarries in USA and they were more easily accessible equivalents of rocks from the wellbores. However, during the research it turned out, that Marcellus shale has a significantly high content of calcite, which is not consistent witch data in literature (e.g. McGinley, 2015) .
Twelve cylindrical samples from Mancos block and twelve from Marcellus block were cut out. Six samples from each rock were cut out perpendicularly and six along (parallel) to bedding planes. Table 1 presents a preliminary macroscopic description of the samples.
Firstly, an analysis of mineral composition was carried out. Four samples were chosen: two from Embedment may cause a significant decrease of the fracture conductivity (Britt and Schoeffler, 2009) .
Although different types of brittleness indexes are useful many researchers have been questioning its accuracy. Zhang et al. (2016) quote many researchers, who pointed out, that approaches shown by Rickman et al. (2008) , Sun et al. (2013) and Luan et al. (2014) assume the same sensitivity of rock brittleness to E and ν. Determination of rock brittleness using only E and ν relations is not accurate, as rock brittleness depends on many other parameters such as bulk modulus and pore pressure. Moreover, Rickman's et al. (2008) approach does not distinguish the brittleness of quartz-rich brittle shales and ductile limestone formations (limestone formations are fracture barriers in the hydrocarbon deposits) (Perez and Marfurt, 2010) . In spite of imperfections of E to relationbased brittleness indexes, they are still used in hydraulic fracturing treatments designing (Zhang et al., 2016) .
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Fig. 1
Ultrasonic apparatus Vinci AVS 700.
[
Next, based on the results of individual core samples, arithmetic averages of parameters were calculated for all core samples cut out in the same direction (Averages in Tables 5-7 and 9-11).
Anisotropy coefficient was calculated on the basis of the equation presented by Živor et al. (2011) and Stan-Kłeczek (2016): 
Anisotropy of elastic moduli was calculated using similar equations:
where x is modulus (υ , E, K, G or λ) and mean x is value of modulus, calculated as arithmetical average of values of moduli measured in both directions (perpendicularly and parallel).
Brittleness index based on ultrasonic measurements was determined using a method described by Grieser and Bray (2007) . The following formulas were used:
Mancos shale and two from Marcellus limestone, cut out perpendicularly and parallel. Analysis were conducted based on x-ray diffraction Rietveld methodology (Środoń et. al., 2001; Kowalska, 2013) , using X'Pert apparatus. Then the dimensions and weights of the samples were determined, with accuracy to 0.01 mm and 0.01 g respectively. On this basis, and using HPG-100 helium porosimeter, the effective porosity, and bulk density of the sample were calculated. The results are described in Table 2 .
Ultrasonic measurements were conducted using a Vinci AVS 700 apparatus (Fig. 1) . The following measurements conditions have established: konventional triaxial stress (confining pressure) 2000 psi (13.79 MPa), room temperature (24-25 ºC), dry samples, measurements during first loading, frequency of transducers: 500 MHz (maximum obtained on the transducers). A confining pressure was applied in order to receive higher amplitude of useful signal.
Dynamic elastic moduli were determined using equations which are transformed equations from Fjaer et. al. (2008) .
where:
RESULTS AND DISCUSSION
In the Table 3 a mineral composition of the sample, based on the x-ray diffraction measurements are presented. Table 3 shows that the main construction mineral in Mancos shale is quartz (38.5-40.8 %). There is a considerable amount of clay minerals as well (34-34.5 %). Dolomite and other minerals are less significant. Mancos shales examined by Mokhtari (2015) have comparable mineral composition (Table 4) . Table 3 reveals also very high calcite content in Marcellus rocks (80-89 %), while quartz content is below 10 %. McGinely in his Thesis (2015) quotes data for Marcellus shale samples collected from many locations, which show lower content of calcite, from 0.3 % to 29.0 % (Table 4) . Increased content of calcite may have noticeable effect on wave velocities, Vp/Vs ratio and elastic moduli, as Bała (1990) showed.
Tables 5 -7 reveal results of ultrasonic measurements of Mancos shales.
As it shown in Table 5 , velocities of P-wave in samples cut out perpendicularly are lower than P-wave velocities in samples cut out parallel. P-wave propagates faster along the boundary between single layers and cracks of the material than perpendicularly to them (Stan-Kłeczek, 2016) . Calculated anisotropy coefficient k for P-wave velocity is 11.1 %. The variation of the velocity of S-waves are lower (k = 2.6 %). In the research of Sarker and Batzle (2010) , on the saturated samples, Mancos B shale exhibits compressional wave anisotropy of about 9 % and shear wave of about 5 %. Other researchers present slightly higher values. Grieser and Bray, 2007 [%] is in the range between 0 and 100, where 0 is purely ductile rock and 100 is purely brittle rock. Brittleness index based on mineral composition was appointed using equations presented below: 
This equation (in contrast to Wang's and Gale's equation) does not take into account TOC content.
• equation from Jin et al. (2014a Jin et al. ( , 2014b ., 2014, 2014
BRIT -brittleness index [-] and symbols corresponds weight percentage quantity of: Q -quartz, Ddolomite, C -calcite, Cl -clay minerals, Plplagioclase, Kf -potassium feldspar, Tot -weight of total minerals. Mineral brittleness index is in range between 0 and 1, where 0 is purely ductile rock, and 1 is purely brittle.
Table 3
Results of quantity analyze of mineral composition on the basis of x-ray diffraction method (XRD). Explanations: percentage by weight: Q -quartz, Pl -plagioclase, K-F -potassium feldspar, C -calcite, D -dolomite, An -ankerite, P -pirite, M -mica, I -Illite, I/S -mixed-packages illite/smectite, Chchlorite, Kl -kaolinite, ΣCl -sum of the cay minerále. Table 4 Mineral content of Mancos and Marcellus shales by XRD analysis, *1 average from 2 measured samples. *2 depending on the location (5 locations).
Mineral Mancos, (Mokhtari, 2015) Mancos, (Sarker and Batzle, 2010) Mancos, (Chandler et al., 2016) Mancos, this study Table 9 Ultrasonic waves velocities of Marcellus rock. stress-strain tests; *4 average from all measured samples. Grieser and Bray, 2007 brittleness index of single sample, BRIT average -average brittleness index of samples cut out in the same direction.
Tables 9 -11 present results of ultrasonic measurements on Marcellus rock. P-wave velocities in Marcellus samples do not show any significant changes depending on the direction of the cut out. The Average P-wave velocity of the samples cut out perpendicularly is about 200 m/s lower than the velocity of samples cut out parallel, which gives k coefficient equaled 3.2 %. k for S-wave is even lower. Young's modulus and Poisson's ratio of measured samples are higher than moduli available in the literature (E -17 GPa, ν -0.13, in single stage triaxial compressional tests, Lora et al., 2016) . Measured moduli are more similar to moduli of pure calcite which Domenico (1984) described. Table 12 shows anisotropy factors and elastic moduli of Marcellus rock available in literature. It should be mentioned, that Table 12 presents comparison of anisotropy factors calculated in various conditions and using various methodologies, thus these data should be rather an approximate reference point. Nevertheless, paying attention to the data (e.g. Lora et al., 2016; McGinley, 2015) , it can be stated, that Marcellus samples of this study should not be considered as typical Marcellus shale rock. It can be assumed, that tested samples come from interbedded limestone layers in Marcellus shale, as suggests Harper et al. (2004) . Table 13 and Figure 2 show the brittleness index based on ultrasonic measurements.
The Samples of Mancos shale have low Young's moduli and relatively high Poison's ratios due to the high content of clay minerals. It causes that brittleness BRIT Griesier & Bray, 2007 [%]
BRIT Grieser and Bray, 2007 of Mancos and Marcellus samples.
Table 14
Brittleness index of measured samples (XRD data from Table 3 ). 0.0 -purely ductile rock, 1.0 -purely brittle rock.
Marcellus rocks, E to ν relation-based brittleness indexes are higher than in Mancos shale. It is caused by significantly higher Young's moduli, which is more similar to Young's modulus of pure calcite (Domenico, 1984) . These samples do not show differences in brittleness indexes depending on the direction of the cut out, which is caused by low anisotropy.
Additionally for a sake of comparison, authors calculated the brittleness index using three different methods. Table 14 presents brittleness indexes of the measured samples. Grieser and Bray, 2007 in range 26-30 % suggest, that during the fracturing a basic two-wings fracture would be create (Rickman et. al, 2008; Kasza, 2013) . Fracture network in the formation would be not extended, thus recommended treatment fluid should be crosslinked gel of high viscosity or energized foam with high content of shale minerals stabilizer. Proppant concentration should be high because of a high transport capability of the fluid, while fluid volume and delivery rate should be low due to the volume of fractures and high viscosity of fluid. In formations of low Young's modulus may appear an intensification of the embedment phenomena (Alramahi and Sundberg, 2012) . The grains of the proppant could be pressed into the surface of the fracture, so as the effective width of the fracture would be decreased and therefore fracture conductivity may decrease. In the light of above it can be stated that tested samples of Mancos shale would be hard to fracturing.In the case of the measured Sample ID BRIT Jarvie et al., 2007 BRIT Wang & Gale, 2009, modified BRIT Jin et al., 2014a , 2014b brittleness indexes (mineral and geomechanical) should be used complementary. It should be mentioned as well, that the extrapolation of laboratory tests to the field encounters some problems. Core sample preparation, influence of temperature, changes of inclusion fluids cause the damage of micro-cracking in the sample. Thus core tests usually cannot represent field conditions and are a simplification of field environments (Zhang et al., 2016) . However, laboratory core measurements still find application as a supplement to well logging data during designing of hydraulic fracturing treatment.
CONCLUSIONS
Laboratory ultrasonic measurements provide useful geomechanical data allowing calculate anisotropy and brittleness indexes of the rock. These kinds of measurements may be used as supplement or calibration of the geophysical results. This paper shows, that anisotropy of the rock has a noticeable influence on the elastic moduli-based brittleness index calculations. However, a lot of various definitions of brittleness indexes are used in oil and gas industry (geomechanical, mineral-based and other) and each of them gives different results. Therefore brittleness indexes should be used complementary to better describe fracability of the rock.
